Suspension-cultured cells of Marchantia paleacea var. diptera contain a single form of CuZn-superoxide dismutase (SOD; EC 1.15.1.1) which is localized in the cytosol. SOD activity was found in cells cultured under heterotrophic, photoheterotrophic and photoautotrophic conditions. The CuZn-SOD was purified to homogeneity from liverwort cells that had been cultured heterotrophically. Its molecular mass was 32.6 kDa, and it contained 17.5 kDa subunits, an indication that the enzyme is a homodimer. The enzyme had peaks of absorption at 252, 258 and 264 nm in the ultraviolet region, due to the presence of phenylalanine, and a peak at 680 nm in the visible region, which is characteristic of CuZn-SODs from chloroplasts. The amino acid sequence of the amino-terminal region of the enzyme exhibited a very high degree of homology to those of chloroplast CuZn-SODs. An antiserum raised against the CuZn-SOD from liverwort cross-reacted more strongly with the enzyme from spinach chloroplasts, than with the enzyme from spinach cytosol. These results indicate that the CuZn-SOD of liverwort resembles CuZn-SOD in chloroplasts even though the former is located in the cytosol.
1977).
In green plants, several isozymes of CuZn-SOD have been detected in different subcellular locations, such as the chloroplasts, cytosol, mitochondria and peroxisomes, and even extracellularly (Bannister et al. 1987 , Sandalio and del Rio 1987 . The CuZnSODs in chloroplasts or the cytosol have been isolated from various green plants (Bannister et al. 1987 , Kanematsu and Asada 1989a , b, 1990 , Wingsle et al. 1991 , Kroniger et al. 1992 ), and differences between the two types of CuZn-SOD have been found in their conserved amino acid residues, absorption spectra in visible light, circular dichroism spectra, sensitivity to inactivation by hydrogen peroxide and immunological properties (Kanematsu and Asada 1990) . The difference in terms of amino acid sequence between the cytosolic and chloroplast CuZn-SODs of a given species is greater than that among chloroplast isozymes from different species or among their cytosolic isozymes (Kanematsu and Asada 1990 ). Therefore, it seems likely that two types of CuZn-SOD evolved separately at the molecular level. Although there is a wealth of molecular-evolutionary information about two types of the isozyme in higher plants, some uncertainties about the isozyme of lower plants remain. For example, there are no reports of the subcellular localization and amino acid sequences of two types of CuZn-SOD in green algae and bryophytes, although both types of isozyme from the alga Spirogyra have been detected immunologically (Kanematsu and Asada 1989b) .
We reported previously that suspension-cultured cells of the liverwort Marchantia paleacea var. diptera contain three SOD isozymes, Mn-SOD located in mitochondria, CuZn-SOD in the cytosol and Fe-SOD in chloroplasts (Tanaka et al. 1995) . We show here that liverwort CuZn-SOD, although it is localized in cytosol, has properties similar to those of isozymes found in chloroplasts.
Materials and Methods
Chemicals-Cyt c (horse heart, type III), xanthine oxidase (bovine milk) and marker proteins for the determination of molecular mass by gel nitration were purchased from Sigma (St. Louis, MO, U.S.A.). Marker proteins for the determination of molecular mass of subunits on SDS-PAGE were from Boehringer (Mannheim, Germany). Markers for the determination of isoelectric points were from Oriental Yeast (Tokyo, Japan). Ampholine (pH 3.5-10.0) was from Pharmacia (Uppsala, Sweden).
Plant materials and culture conditions-Cells of Marchantia paleacea var. diptera (Takio et al. 1988) were propagated by shaking on a gyratory shaker at 110 rpm at 25°C in darkness or in the light. For heterotrophic and photoheterotrophic growth, cells at stationary phase (2 ml of culture) were transferred at weekly intervals to 20 ml of fresh NA-MS medium as described previously (Tanaka et al. 1995) . For photoautotrophic growth, cells were transferred every two weeks to fresh ANA-MS medium, namely, NA-MS medium without glucose and vitamins. Since the CuZn-SOD is inactivated within 4 d when levels of copper are inadequate during heterotrophic culture (Tanaka et al. 1995) , we used NA-MS medium that contained 2//M CuSO 4 instead of 0.1 /iM, and purified the CuZn-SOD from 7-d-old cultures.
Spinach seeds (Spinacia oleracea L. cv. Ujou) and leaves were obtained from the botanical garden of our laboratory and a local market, respectively. Etiolated seedlings were grown at 25°C in darkness for 5 d and then roots and hypocotyls were collected.
Preparation of crude extracts-Crude extracts were prepared from suspension-cultured cells of the liverwort as described elsewhere (Tanaka et al. 1995) . Crude extracts of spinach tissues were prepared as follows. Spinach leaves (10 g) or the roots and hypocotyls from 5-d-old etiolated seedlings (5 g) were frozen in liquid nitrogen, ground in a mortar with 1 g of sea sand and then suspended in 5 ml of 20 mM Tris-HCl (pH7.8) that contained 0.1 mM EDTA (sodium salt). The homogenate was centrifuged at 10,000 xg for 15 min, and the protein in the supernatant was precipitated with ammonium sulfate at 80% saturation. The precipitate was collected by centrifugation and resuspended in 1 ml of the buffer described above and the solution was dialyzed against the same buffer.
Quantitation of protein-Protein was quantitated colorimetrically as described by Bradford (1976) with ovalbumin as the standard.
Electrophoresis-Native PAGE was performed at 4°C on an 8% polyacrylamide gel using Laemmli's system (1970) in the absence of SDS. SDS-PAGE was performed at room temperature on a 15% gel using Laemmli's system. Isoelectric focusing was performed at 4°C with 2% Ampholine (pH 3.5-10.0) and a 5% gel. To identify the three types of SOD on the native gel, the gel was immersed in potassium cyanide and hydrogen peroxide as described by Kanematsu and Asada (1989a) and then it was stained for SOD activity by the riboflavin/nitro blue tetrazolium method (Beauchamp and Fridovich 1971) .
Assay for SOD-SOD activity was assayed with the xanthine-xanthine oxidase-Cyt c system of McCord and Fridovich (1969) . One unit of SOD activity was denned as the amount of enzyme required to inhibit the reduction of Cyt c by 50%.
Preparation of the cytosolic fraction-The cytosolic fraction was prepared as described previously (Tanaka et al. 1995) from protoplasts that had been generated from 65 g of fresh cells by the method of Takio and Nagata (1990) .
Purification of the enzyme-The cytosolic fraction was fractionated with ammonium sulfate at 40-90% saturation. The precipitate was dissolved in 20 mM Tris-HCl (pH 8.2) that contained 0.1 mM EDTA (sodium salt) and dialyzed against the same buffer. The dialyzed solution was concentrated by ultrafiltration (Centriflo CF25; Amicon, Danvers, MA, U.S.A.) and then applied to a column (2.5 cm i.d. x 100 cm) of Sephadex G-100 (Pharmacia) that had been equilibrated with the above buffer. The fractions containing CuZn-SOD activity were pooled and applied to a column (2 cm i.d. x 10 cm) of DEAE-Sephacel (Pharmacia) that had been equilibrated with the same buffer. The column was washed with one liter of the same buffer and then the absorbed proteins were eluted with a linear gradient 200 ml of the same buffer that contained 0 to 100 mM KC1. The CuZn-SOD was eluted by approximately 60 mM KC1, and the active fractions were pooled and concentrated by ultrafiltration.
Determination of molecular mass-The molecular mass of the purified enzyme was determined by gel filtration on a column (1.5 cm i.d. x 85 cm) of Sephadex G-100 which had been equilibrated with 20 mM Tris-HCl (pH7.8) that contained 100 mM KC1. The column was calibrated with bovine serum albumin (67 kDa), ovalbumin (43 kDa), a-chymotrypsinogen A (25 kDa) and Cyt c (12.4 kDa). The molecular mass of subunits was determined by SDS-PAGE as described by Laemmli. Standards used were glutamate dehydrogenase (55.6 kDa), lactate dehydrogenase (36.5 kDa), triosephosphate isomerase (26.6 kDa), trypsin inhibitor (20.1 kDa) and Cyt c (12.4 kDa).
Sequencing of the amino-terminal region-The amino acid sequence of the amino-terminal region of the purified enzyme was determined with a gas-phase protein-peptide sequencer (model 473A; Applied Biosystems, Foster City, CA, U.S.A.) equipped with a data-analysis system (model 610A; Applied Biosystems). The native enzyme was directly blotted onto a PVDF membrane (ProBlott; Applied Biosystems) using a dot blotter (DB-200; Sanplatec, Osaka, Japan). The membrane with adherent proteins was desalted by washing with distilled water (Milli Q; Millipore, Bedford, MA, U.S.A.) and then immersed in 40% (v/v) methanol and dried. Samples on the dried membrane were sequenced as far as about the 30th amino acid residue.
Immunoblotting-Polyclonal antibodies against the liverwort CuZn-SOD were raised in rabbits. The antiserum against liverwort CuZn-SOD was combined with ammonium sulfate (33% saturation) at pH 7.0, and the precipitate was collected and then dissolved in and dialyzed against PBS. After native PAGE of plant proteins, the proteins on the gel were denatured as described elsewhere (Tanaka et al. 1995 ) and transferred to a PVDF membrane (Immobilon-P; Millipore). Blotted proteins were analyzed immunologically with the antisera.
Results
Formation of CuZn-SOD under different growth conditions-We reported previously that heterotrophically cultured cells of Marchantia paleacea var. diptera, contain a single CuZn-SOD (Tanaka et al. 1995) . We examined whether cultured liverwort cells could express different isozymes of CuZn-SOD under different conditions and if so, which conditions were optimal. Extracts were prepared from heterotrophically, photoheterotrophically and photoautotrophically cultured liverwort cells and resolved by native PAGE. Then the gel was stained for SOD activity (Fig. 1) . A single band of CuZn-SOD migrated in the middle of the gel, irrespective of the culture conditions, and the highest level of CuZn-SOD activity was obtained from the heterotrophic culture.
Purification of the CuZn-SOD- Table 1 summarizes the purification of the CuZn-SOD from the cytosolic fraction. The enzyme was purified to a specific activity of about 6,500 units (mg protein)" 1 , with a yield of 49%. The preparation of purified CuZn-SOD was homogeneous as judged Crude extracts were prepared from cultures that had been grown as follows: heterotrophically for 2 d (A); photoherotrophically for 2 d (B); and photoautotrophically for 4 d (C). The crude extracts (200 ^g of protein each) were resolved by native PAGE, then the gel was stained for SOD activity. Three SOD isozymes, Mn-SOD, CuZn-SOD and Fe-SOD, were identified as described elsewhere (Tanaka et al. 1995) .
by native PAGE (Fig. 2, lane 2) , and the band of protein coincided with that of the enzymatic activity (Fig. 2, lane  1) . The enzyme also migrated as one band during SDS-PAGE (Fig. 2, lane 3) .
Molecular mass and subunit structure-The molecular mass of the CuZn-SOD, determined by gel filtration on a calibrated column of Sephadex G-100 was 32.6 kDa (data not shown). The molecular mass calculated from the mobility of the single band during SDS-PAGE (Fig. 2, lane 3) was 17.5 kDa. CuZn-SODs have been isolated from various plants, and most of them are homodimers with a molecular mass of 30-33 kDa. The molecular mass of the liverwort CuZn-SOD determined by SDS-PAGE was about half that of the native enzyme, indicating that the native enzyme was a homodimer with the same molecular mass as CuZn-SODs from other plants.
Isoelectric point-The isoelectric point of the purified enzyme was 5.1 (data not shown).
Absorption spectrum-The CuZn-SOD had peaks of absorption at 252, 258 and 264 nm in the ultraviolet region, due to phenylalanine. The spectrum in the visible region had a peak at 680 nm (Fig. 3) . Cytosolic and chloroplast CuZn-SODs have characteristic peaks at 670 and 680 nm, respectively (Beauchamp and Fridovich 1973 , Kanematsu and Asada 1989a , b, 1990 . These peaks are considered to be due to the Cu chromophore of the isozymes. Thus, the Cu chromophore of the liverwort CuZn-SOD appeared to be similar to that of CuZn-SODs from chloroplasts.
Amino acid sequence of the amino-terminal region of the CuZn-SOD-Twenty-five residues of the amino-ter- Fig. 3 Absorption spectrum of liverwort CuZn-SOD.
The absorption spectrum of the purified enzyme was recorded at a concentration of 0.48 mg ml" 1 in 10 mM potassium phosphate (pH 7.8) at 25°C in a model UV-2200 spectrophotometer from Shimadzu (Kyoto, Japan).
minal region of the CuZn-SOD from liverwort cells were determined by Edman degradation. They are compared with the sequences of cytosolic and chloroplast CuZn-SODs of other plants in Figure 4 . The amino-terminal regions of all CuZn-SODs have conserved amino acids at positions 5,7, 9, 10, 17 and 19. The isozymes from chloroplasts contain four unique conserved residues at positions 4, 14, 18 and 23. By contrast, in the cytosolic isozymes, only Phe-23 is conserved and it is replaced by Leu in isozymes from chlo- Fig. 4 Amino acid sequence of the amino-terminal region of liverwort CuZn-SOD and alignment with the sequences of CuZnSODs from other plants.
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The sequences of the chloroplast and cytosolic CuZn-SODs of other plants are shown. The sequences were aligned visually for maximum similarity. The numbering of the positions of residues is based on the sequence of the liverwort CuZn-SOD. The amino acid residues of the liverwort isozyme that are shared by the chloroplast isozymes and/or cytosolic isozymes are enclosed by boxes. X indicates an unidentified residue. Sources of sequences were as follows: liverwort (this work); spinach II (Kitagawa et al. 1986 ); spinach I, rice I and II, and horsetail (Kanematsu and Asada 1990) ; aspen (Akkapeddi et al. 1994) ; pine 3a ; spruce I and II (Kroniger et al. 1992) ; pine 1 (Wingsle et al. 1991) ; maize 2 (Cannon et al. 1987) ; cabbage (Steffens et al. 1986 ); and tobacco (Tsang et al. 1991). roplasts. The liverwort CuZn-SOD had three (at positions 4, 14 and 23) of the four conserved amino acid residues found in chloroplast isozymes. There were three additional residues at the amino-terminal end after Lys in the liverwort isozyme. Therefore, although the liverwort CuZn-SOD was localized exclusively in the cytosol (Tanaka et al. 1995) , its amino-terminal structure was found to be similar to those of chloroplast isozymes.
Immunological cross-reactivity of antisera against liverwort CuZn-SOD with isozymes from spinach-The antisera against liverwort CuZn-SOD cross-reacted specifically with the isozyme in crude extracts of liverwort cells (Figs. 5A, B, lane 1) . To determine whether the liverwort CuZn-SOD is immunologically similar to chloroplast isozymes, we studied the immunological cross-reactivity of the antisera with the CuZn-SODs from the chloroplasts and cytosol of spinach tissues. Etiolated seedlings and mature leaves of spinach were used because crude extracts with the cytosolic or chloroplast CuZn-SOD as the major SOD are obtained from these respective sources (Kanematsu and Asada 1990). In etiolated seedlings of spinach, the cytosolic CuZn-SOD was the major SOD while the chloroplast isozyme was a minor component (Fig. 5A, lane 2) . Nevertheless, the antisera against liverwort CuZn-SOD cross-reacted strongly with the chloroplast CuZn-SOD from spinach, as compared to the cytosolic type (Fig. 5B,  lane 2) . In mature leaves of spinach, the chloroplast CuZn-SOD was the major SOD (Fig. 5A, lane 3) . The antisera cross-reacted with the chloroplast CuZn-SOD but barely recognized the cytosolic isozyme (Fig. 5B, lane 3) . The loca-
Liverwort
Mn-SOD- and mature leaves of spinach (lane 3) and resolved by native PAGE. SOD activities (A) and CuZn-SOD that reacted with the antisera (B) were examined. An equal amount of SOD activity (1 unit lane" 1 ) was applied in each lane. The profile of expression of the two isozymes from spinach was identical to that reported by Kanematsu and Asada (1990) , from which we identified the cytosolic (CuZn-SOD I) and chloroplast (CuZn-SOD II) isozymes. tion of the most rapidly migrating band that cross-reacted with the antisera (Fig. 5B, lane 3) did not coincide with that of the activity of the spinach cytosolic CuZn-SOD (Fig. 5A, lane 3) , indicating that the band is a non-specific signal. These results suggest that the liverwort CuZn-SOD has immunological properties similar to those of the chloroplast isozymes of other plants.
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Discussion
In green plants, CuZn-SODs have been found in various subcellular compartments. Cytosolic and chloroplast CuZn-SODs have been isolated from various plants and are distinguishable in terms of their amino acid sequences and immunological properties (Kanematsu and Asada 1990 ). CuZn-SODs isolated from peroxisomes of watermelon cotyledons (Bueno et al. 1995) and from the extracellular fluid of Scots pine needles are very similar to the chloroplast and cytosolic CuZn-SODs of other plants, respectively. Characterization of CuZn-SODs in different subcellular locations should provide valuable information about the molecular evolution of this enzyme. In this respect, the cytosolic CuZn-SODs have not been well characterized. For example, some of them, referred to as cytosolic isozymes in view of their amino-terminal sequences, have been found in extra-plastidic compartments including mitochondria or microbodies, and their subcellular locations remain unclear Asada 1990, Kroniger et al. 1992) . The CuZn-SOD in suspension-cultured cells of the liverwort Marchantiapaleacea var. diptera is found exclusively in the cytosolic fraction (Tanaka et al. 1995) . This fraction has been shown to be free of most of the mitochondria and chloroplasts (Harada et al. 1993) ; the peroxisomal contamination of the cytosolic fraction was judged, from the activity of catalase, to be only about 2%. Therefore, with respect to its subcellular location, the liverwort CuZn-SOD is distinct from the isozymes in chloroplasts and peroxisomes.
As shown here, the liverwort CuZn-SOD is very similar to the chloroplast CuZn-SODs of other plants. The biochemical and immunological properties of the liverwort CuZn-SOD can be compared with those of the isozymes in watermelon peroxisomes and spinach chloroplasts, as follows. The partial amino acid sequence of the peroxisomal CuZn-SOD is 93% homologous to that of the isozyme in spinach chloroplasts (Bueno et al. 1995) . Among 23 amino-terminal residues, the sequences of the peroxisomal and spinach chloroplast CuZn-SODs are identical, with the exception of three unidentified residues in the peroxisomal isozyme. Liverwort CuZn-SOD and spinach chloroplast CuZn-SOD exhibit 78% sequence homology over the same region, which is similar to values obtained from sequences of chloroplast CuZn-SODs from aspen, Scots pine, Norway spruce and horsetail (Fig. 4) . However, the amino acid sequence of the liverwort isozyme in this region has two unique features. Glu-18 is conserved in all chloroplast CuZn-SODs but in the liverwort isozyme it is replaced by Val. In addition, an amino acid is inserted at positions 2 and 15 in the liverwort isozyme. Around position 15, one amino acid is absent in the maize cytosolic CuZn-SOD (Cannon et al. 1987 ), but no similar insertions have been found in the CuZn-SODs of green plants. Therefore, the liverwort CuZn-SOD is very different from the isozymes in watermelon peroxisomes and spinach chloroplasts, whereas the latter two isozymes are closely related to each other.
Both the liverwort CuZn-SOD (Fig. 3) and the watermelon peroxisomal CuZn-SOD (Bueno and del Rio 1992) have an absorption peak at 680 nm, as do CuZn-SODs from chloroplasts. In contrast to these common properties of the CuZn-SODs of chloroplasts and peroxisomes, the peroxisomal CuZn-SOD has some unusual properties. It has a weak absorption peak at 260 nm, which is due to a non-covalently associated chromophore group that absorbs at 260 nm that has not been identified in other CuZnSODs (Bueno et al. 1995) . The liverwort CuZn-SOD (Fig. 3) had the same absorption spectrum as that of the enzyme from spinach chloroplasts (Asada et al. 1973) . Antibodies against the watermelon peroxisomal CuZn-SOD recognized bovine erythrocyte CuZn-SOD (Bueno et al. 1995) , but antibodies against spinach chloroplast CuZn-SOD did not (Asada et al. 1977 ). In addition, antibodies against peroxisomal CuZn-SOD did not recognize the CuZn-SODs in crude extracts prepared from spinach leaves, although they did cross-react with CuZn-SODs from leaves of five other plant species. By contrast, the antisera against liverwort CuZn-SOD recognized the CuZn-SODs of spinach, with higher cross-reactivity with the isozyme from chloroplasts than with the cytosolic isozyme (Fig. 5) . Thus, the liverwort CuZn-SOD resembles the spinach chloroplast CuZn-SOD immunologically more closely than it resembles the watermelon peroxisomal isozyme.
Several isozymes of CuZn-SOD are found in the cytosol of most green plants, while a single CuZn-SOD is found in the chloroplasts (Baum et al. 1983 , Kanematsu and Asada 1989a , b, 1990 . Tobacco lacks CuZn-SOD in its chloroplasts, but has two cytosolic CuZnSODs (Sen Gupta et al. 1993) , one of which is highly homologous to the cytosolic CuZn-SODs of other plants (Tsang et al. 1991) . The absence of cytosolic CuZn-SODs has not been reported in any green plant. In the case of liverwort cells, only one CuZn-SOD was found in cells cultured under three sets of growth conditions (Fig. 1) . However, we may ask whether some other isozyme of CuZn-SOD is expressed in the parental plants. Asada et al. (1977) reported that the thalli of the liverwort M. polymorpha have a single CuZn-SOD as the major isozyme, as judged from the sensi-\ tivity of the enzyme to inhibitors, and that its activity was completely inhibited by antibodies against the CuZn-SOD from spinach chloroplasts. We also observed that thalli of M. paleacea var. diptera contained a single CuZn-SOD that migrated as a single major band on a native gel and that its migration was identical to that of the CuZn-SOD from suspension-cultured cells (data not shown). Therefore, absence of a CuZn-SOD with properties of a cytosolic enzyme seems to be another unique property of the liverwort.
The CuZn-SODs in chloroplasts of green plants contain several conserved residues, when compared with cytosolic CuZn-SODs (Kwiatowski and Kaniuga 1986 , PerlTreves et al. 1988 , Scioli and Zilinskas 1988 , Kanematsu and Asada 1990 , Karpinski et al. 1992 ) and they are found as a single form, unlike the cytosolic CuZn-SODs which exist as several isozymes. It seems that CuZn-SOD in chloroplasts might have mutated less and preserved a more primitive structure than the cytosolic isozymes (Kwiatowski and Kaniuga 1986, Kanematsu and Asada 1990) . The high degree of similarity among the CuZn-SODs from the cytosol of the liverwort, the peroxisomes of watermelon and the chloroplasts of most plants, suggests that these CuZnSODs all evolved from a single ancestral protein. Determination of the subcellular localizations of the CuZnSODs in other lower plants should provide additional information as to how the ancestral CuZn-SOD dispersed to each compartment of plant cells.
